Balkan endemic nephropathy (BEN) is a kidney disease that has been reported in only certain rural villages in Serbia, Bulgaria, Romania, Croatia and Bosnia. The cause of BEN remains a mystery, but researchers seem to agree that exposure to one or more environmental agents is at least partially responsible. The Pliocene lignite hypothesis suggests the disease is due to long-term exposure to polycyclic aromatic hydrocarbons (PAHs) or other toxic organic compounds that have leached into drinking water supplies from low-rank coals. Although this hypothesis has been promoted by some researchers, efforts to substantiate it have been inconclusive due to limitations in sample size and methodology. The present study was designed to further examine this hypothesis by analyzing PAHs, which were implicated in the original hypothesis, in a larger number of water samples from endemic and nonendemic villages in Bulgaria and for other chemical differences between the villages. Results show that levels of all PAHs were low, with none exceeding the drinking water standard for benzo-[a]-pyrene, the most toxic PAH, and the only one for which a maximum contaminant level (MCL) has been set for drinking water. Comparison of additional unidentified chromatographic peaks from high-pressure liquid chromatography (HPLC) technique designed to detect dissolved organic compounds (DOCs) that leach from coal failed to show higher levels in BEN villages. This study finds no basis to connect PAHs or other unknown DOCs to the etiology of BEN, and suggests that the evidence in support of the Pliocene lignite hypothesis is limited to the spatial association originally proposed.
Introduction
Balkan endemic nephropathy (BEN) is a rare kidney disease that was first identified in Bulgaria during the 1950s (Tanchev et al., 1956 ). BEN is clinically described as a chronic, noninflammatory, bilateral, primarily tubulointerstitial, distinct nephritis (Ganev and Petropoulos, 1999) . The disease progresses slowly, and often is not detected until the fourth or fifth decade of life (Puchlev et al., 1960; Polenakovic and Stefanovic, 1997) . If patients are not treated by dialysis, which is often difficult for those living in remote locations, BEN eventually leads to renal failure and death (Ganev and Petropoulos, 1999) .
The disease still puzzles researchers with some of its features such as its stable geographic foci, familial aggregation without an obvious pattern of Mendelian genetic inheritance, and the presence of unaffected households living in close vicinity to affected families. BEN affected villages occur in discrete areas of rural Serbia, Bulgaria, Romania, Croatia and Bosnia, as shown in Figure 1 . These areas are marked by high rainfall and humidity and are typically agricultural in nature. BEN patients have been found to have an extensive history of living in rural areas during childhood and youth (Radovanovic, 1991) . Researchers seem to agree that BEN may result from prolonged exposure to one or more environmental toxicants acting alone or synergistically on genetically predisposed individuals/populations (Ganev and Petropoulos, 1999) . Hypothesized environmental factors include exposure to: heavy metals (Wedeen, 1991) , arsenic (Ganev and Petropoulos, 1999) , dissolved nitrogen species (Radovanovic and Stefanovic, 1988) , organic compounds leached from coal deposits (Feder et al., 1991) , herbs containing aristolochic acid (Cosyns et al., 1994; Hranjec et al., 2005) , mycotoxins (Dimitrov, 1960; Pfohl-Leszkowicz et al., 2002) , and viruses (Kraus, 1996) . Calcium, magnesium and selenium deficiencies in the diet have also been suggested, as this element is known to limit the damage from free radicals (Hoops and Feder, 1986; Maksimovic, 1987) . Preliminary work has indicated that there may be some differences in the biogeochemical environment (food, water, soil) between BEN and non-BEN villages, but these results have not been linked to BEN etiology (Long et al., 2001a, b) (Figure 2 ). The focus of this investigation is on the hypothesis that exposure to polycyclic aromatic hydrocarbons (PAHs) and other organic chemicals that leach from Pliocene lignite deposits might be the cause of BEN. The Pliocene lignite hypothesis was first proposed by Feder et al. (1991) and states that soluble organic compounds from the weathering of low-rank coal beds are a factor or co-factor in the cause of BEN. The hypothesis was originally developed based on observations that lignite deposits occurred near seven known endemic villages in Yugoslavia. The infiltration of surface waters through shallow coal deposits and subsequent transport of leached contaminants via groundwater to drinking water sources was offered as a conceptual model for the route of exposure.
Several other lines of evidence have been offered by this group to support the hypothesis. Feder et al. (1991) state that their preliminary qualitative analysis by gas chromatography/mass spectrometry (GC/MS) of groundwater samples in endemic villages indicates the presence of PAHs and aromatic amines. Goldberg et al. (1994) reported that excitation/ emission matrix (EEM) fluorescence spectra produced by groundwater samples showed differences between BEN and non-BEN households within an endemic village, with elongated teardrop shapes being found in BEN samples. Orem et al. (1999) reported the presence of potentially toxic aromatic compounds, such as naphthalene, fluorene, phenanthrene, and pyrene at concentrations in the mg/l range in two water samples from endemic villages and one water sample collected in a non-endemic village in Serbia. Higher concentrations were observed in the two BEN-village samples. In a follow-up study, Orem et al. (2002) used methylene chloride extraction followed by GC/MS analysis and reported, qualitatively, that water samples from a BEN endemic area in Romania contained a greater amount and higher abundance of aliphatic and aromatic compounds than in water samples collected from non-endemic sites. In a second paper (apparently based on the same samples) the prevalence of specific organic compounds (e.g. three phthalate esters) or compound groups (e.g. aliphatic hydrocarbons, aromatic hydrocarbons and phenols) are listed based on matches to the mass-spectral NIST library (Orem et al., 2004) . Numerous organic compounds have been suggested as causative agents under the Pliocene lignite hypothesis, but the PAH class of compounds are the most frequently cited (Feder et al., 1991; Tatu et al., 1998 Tatu et al., , 2000 Orem et al., 1999) .
As is the case with most of the proposed causative agents for BEN, the evidence in support of PAHs, or more broadly, the Pliocene lignite hypothesis, should be considered preliminary. We believe that all of the environmental hypotheses for BEN should be evaluated and tested so that the scientific/medical community can focus the limited research resources available on the most promising lines of investigation. In reviewing the previous literature, we have identified several potential weaknesses in the Pliocene lignite hypothesis that suggest the need for further investigation. First, is that multiple large Pliocene lignite deposits in Slovenia and in Croatia are not associated with endemic villages and that at least one endemic area is not associated with Pliocene lignite, as acknowledged by Feder et al. (1991) . It is possible that pathways do not exist in areas with lignite and no BEN, and that lignite has yet to be identified in other endemic areas, but no data could be found to evaluate this possibility. Second, is that PAHs and many other coalderived compounds are not very water soluble and sorb strongly to geologic materials such that the proposed exposure pathway might be judged unlikely (Schwarzenbach et al., 2003) . Third, is that the previous studies involved relatively few samples, making it difficult to demonstrate significant differences in concentrations of specific chemicals between BEN and non-BEN environments, given inherent variability in environmental analyses. Fourth, is that lignite and other coals are chemically complex and contain many organic constituents commonly found within other geologic materials and natural waters. Thus, it is difficult to identify any specific chemical that would clearly distinguish lignite contamination from natural organic matter.
In light of the fact that the Pliocene lignite hypothesis has not been independently tested, we designed an investigation that would explore those aspects of the hypothesis that were readily testable through field sampling and analysis. We identified the need to collect a greater number of samples, analyze for specific chemical compounds implicated in BEN, and compare between BEN and non-BEN environments as necessary to either support or refute the Pliocene lignite hypothesis. Therefore, 56 drinking water supplies in both endemic and non-endemic villages of the Montana and Vratza districts of Bulgaria were analyzed for PAHs, the chemicals most commonly cited as a part of the Pliocene lignite hypothesis. The methodology employed has been shown to capture and detect PAHs that leach from coal at low (ng/l) levels (McElmurry and Voice, 2004) . In addition, this method provides indirect evidence of other unknown DOCs, which could provide information on differences between BEN and non-BEN villages.
Methods
A total of 56 field samples were collected from drinking water sources in the Montana and Vratza districts of Bulgaria during the spring of 2000. Potential sampling locations were initially identified based on previously recognized BEN villages. However, sampling locations were also chosen in an attempt to obtain a geographically representative data set, including samples from villages without BEN.
Determination of BEN villages is difficult because health records in these regions are often incomplete. This is complicated by variability in diagnosis and population migration. For this study, villages were classified as being BEN-endemic villages, if there was ever a case of the disease within the village reported in the literature (Chernozemsky et al., 1977; Tanchev, 1977; Dimitrov et al., 2001 Dimitrov et al., , 2002 or through field assessments from meetings with village doctors. Villages were considered BEN villages even in situations where no current cases existed. This broad definition of a BEN village was thought to be acceptable because the potential environmental causative agent in question (PAHs and other DOCs leached from coal) would likely exhibit persistence, and thus would likely still be present.
Attempts were made to collect water samples from each type of water source (spring, well, tap) within the study villages. However, not all types of water sources were available in each village. Water samples were collected in 1-l glass bottles using techniques designed to avoid contamination by atmospherically derived particles. The initial pH of water samples was measured using a multi-probe analyzer (YSI). Initial pHs ranged from 6.3 to 8.9. As the best pH for extraction of a broad range of dissolved organics is around 6.5, high pH samples were adjusted with hydrochloric acid. However, because some samples contained high amounts of alkalinity this target could not always be reached. The pH for the samples during extraction ranged from 6.0 to 7.3. Once any necessary pH adjustments were made, the sample was transferred to a 1-l separatory funnel and passed through an Isolute s ENV þ solid phase extraction (SPE) cartridge. Following SPE, the cartridges were air dried, loosely double wrapped in aluminum foil and shipped back to the United States for laboratory analysis. In the lab, samples were stored at 41C until the cartridges were eluted. The eluents were analyzed by HPLC using gradient elution with acetonitrile and water and sequential fluorescence and UV absorption detectors (McElmurry and Voice, 2004) .
This sampling and analysis method has been shown capable of identifying PAHs that leach from coal by water, quantifying maximum possible concentrations of the 16 most common PAHs, and in producing ''fingerprint'' data on other dissolved compounds released from coal samples. UV and fluorescence detection cannot confirm that a chromatographic peak is caused by the specific PAH compound that is known to elute at this retention time, but the absence of a peak does confirm the absence of the compound. When a peak is found, the maximum concentration present in the sample can be determined based on the response factor of an analytical standard for the PAH in question (Snyder and Kirkland, 1979) .
Results
Only eight of the possible 16 peaks corresponding to the EPA-priority pollutant PAHs were found: fluorene (FLU), phenanthrene (PHEN), anthracene (ANTH), fluoranthene (FLT), benzo(b)fluoranthene (BbF), benzo (k)fluoranthene (BkF), benzo(a)pyrene (BaP), and benzo (g,h,i)perylene (BghiP) in any of the samples collected. Maximum concentrations are reported in Tables 1 and 2 . Except for two, each sample contained at least one potential PAH peak. Maximum PAH concentrations in 95% of the detected peaks corresponded to 10 ng/l or less. The two most common peaks found corresponded to PHEN and FLT. A possible PHEN peak was found in 67% of the samples up to a concentration of 0.67 mg/l while FLT was found in 72% of the samples up to 0.13 mg/l. BaP, the only PAH for which the World Health Organization (WHO) has assigned a drinking water guideline, potentially was found in 21% of the samples. Of these samples, the corresponding concentrations were o0.016 mg/l, which is far below the WHO drinking water guideline of 0.7 mg/l.
Potential differences between PAH concentrations from BEN and non-BEN villages were explored using the Student's t-test. Determining differences was made difficult because many samples showed concentrations below the limits of detection. With this limitation acknowledged, PAHs showing 450% prevalence above the minimum detectable level (MDL) were analyzed. Only two PAHs met this criterion: FLT, with 74% in BEN samples and 70% in non-BEN samples, and PHEN, with 65% in BEN samples and 70% in non-BEN samples. After determining that the concentration variance was not different between BEN and non-BEN samples for both constituents (f-test, 95% confidence interval), a two-tailed Student's t-test with 95 and 90% confidence was applied. For the purpose of statistical analysis, samples with concentrations below the MDL were treated as having concentration values of one-half their respective detection limit, as recommended by Clarke (1998) . No statistically significant difference was found between BEN and non-BEN samples at the 95% confidence level for FLT and PHEN. At the 90% confidence level only FLT showed a significant difference between BEN and non-BEN samples with mean concentrations of 8.4 and 18.6 ng/l, respectively. However, the concentrations of FLT in samples are relatively low with a maximum concentration of 130 ng/l being observed in a sample collected from a well in Baniza. Although there is no regulatory standard set by the US Environmental Protection Agency (EPA) or the European Union (EU) for FLT in drinking water, the EPA has suggested that taking 0.04 mg FLT per kg of an adults body weight per day is not likely to cause any harmful health effects (ATSDR, 1995) . With mean concentrations in the low ng/l range, exposures (assuming a 70 kg adult consuming 2 l of water per day) would be approximately four orders of magnitude below this recommended value.
The second method used to identify potential differences between BEN and non-BEN villages was to plot histograms showing the percentage of samples with peaks corresponding to different concentration ranges of the maximum possible PAH concentration. An example of this is shown in Figure 3 for FLT and PHEN. By varying concentration ranges, attempts were made to identify conditions in which BEN data would plot differently than non-BEN data. That is to say, are there concentration ranges that show up more commonly in BEN villages than in non-BEN villages or are there any observable trends in the way the data plots to suggest differences? No observable trends were found using repeated trials with many different concentration ranges and varying degrees of occurrence.
Attempts were also made to identify a concentration that is rarely exceeded in non-BEN villages, but is frequently exceeded in samples from BEN villages. This was accomplished by plotting BEN and non-BEN samples concentrations from lowest to greatest and attempting to identify a point at which the greatest non-BEN concentration would be below the lowest BEN concentration. No such threshold concentrations were found.
In addition to the 16 EPA-priority pollutant PAHs, another 16 ''unknown'' peaks were identified as commonly observed in samples. These peaks were subjected to the same analysis discussed previously for PAHs with the exception that peak areas were used instead of maximum concentrations during data analysis. Some of the unknown peaks observed could not be compared using the Student's t-test because peak areas were detected in too few samples. As the limit of detection is based on individual chemical response factors of unknown chemicals, a peak area of less than 1000 (mVs) was selected as the detection limit based on visual inspection of chromatographic peak to noise ratios. With this criterion, peaks observed in more than 50% of the samples for both BEN and non-BEN villages resulted in a total of 12 unknown peaks being subjected to statistical analysis. After determining the sample variance between concentrations of BEN and non-BEN samples (f-test, a ¼ 0.05) for all unknowns, a two-tailed Student's t-test with 95 and 90% confidence was conducted. For the purpose of statistical analysis of the unknown peaks, samples containing nondetect values were removed to avoid skewing mean values. With the exception of an unknown peak eluting at 4.9 min in the UV chromatogram, no statistically significant differences were observed between the BEN and non-BEN samples at the 95% confidence level. At the 90% confidence level only two unknown peaks resulting from the UVchromatograms at 2.4 and 4.9 min showed a significant difference between BEN and non-BEN samples. However, in both cases, the non-BEN samples had greater mean peak areas. The observation that non-BEN villages appear to have greater amounts of these two substances does not substantiate the hypothesis that BEN is due to increased exposure of any of the ''unknown'' DOCs identified in this study. Furthermore, the fact that the mean peak areas were always greater in non-BEN samples goes against one of the suppositions of the hypothesis that a greater amount of organic matter leaches from immature coal deposits into the drinking water of BEN villages. Histograms were plotted for the unknown peaks in the same manner as was done for the PAH data using peak area in place of concentrations. Although many different peak area intervals were evaluated, no observable trends were found. Additionally, no threshold amount or critical peak area was found that would allow us to distinguish between the BEN and non-BEN data sets. Our intent was that by identifying unknown peaks, we might be able to detect differences in the chemical fingerprints between BEN and non-BEN villages based on DOCs. If an ''unknown'' peak were to be identified with dramatically different areas between BEN and non-BEN villages, further attempts could be made to identify the unknown. As no unknown peaks proved to be statistically different and greater in BEN samples than in non-BEN samples, further identification efforts were deemed unnecessary.
It is worth noting that the large number of peaks sometimes found early in a chromatographic run such as that observed in Figure 4 from the sample collected in the village of Kravoder. These early peaks often saturated the fluorescence detector, but not the UV detector, between 1 and 4 min of the chromatographic run. Humic substances commonly elute in this period. Between 40 and 60% of DOM is thought to be fluorescent (Senesi, 1993) . Therefore, these early peaks are most likely to be humic substances that are present in high amounts.
Discussion
The Pliocene lignite hypothesis (BEN is caused by long-term exposure to PAHs and other toxic organic compounds leaching into drinking water from low rank coals proximal to the endemic settlements) is based on geographical correlations between known coal deposits and BEN villages (Feder et al., 1991) . Follow-on studies have compared characteristics of water samples from BEN and non-BEN villages, and attempted to relate these observations to the proposed hypothesis (Feder et al., 1991; Goldberg et al., 1994; Orem et al., 1999; Tatu et al., 2000) . This approach is limited by a fundamental constraint in that the general hypothesis is probably not directly testable because at present there is no unambiguous indicator of coal leachate contamination in drinking water. Thus, we are left with two alternative approaches in testing this hypothesis. The first is to identify specific toxic chemicals known to originate from coal materials and then determine whether these chemicals are present in the water supplies of BEN villages. This would provide evidence of exposure to a toxic agent that would warrant further investigation. A second approach is to determine whether there are statistically significant differences in chemicals between BEN and non-BEN water supplies. This would provide evidence of exposure differences that could be useful in identifying an agent. Support of the lignite hypothesis will ultimately require identifying a nephrotoxic agent that leaches from lignite into water, and delineating a pathway by which this agent is delivered to BEN villages selectively over non-BEN villages. The present study was designed to test the Pliocene lignite hypothesis using both of the approaches outlined above. First, water supplies were analyzed for the most commonly suggested group of chemical agents, PAHs. No significant levels were found for any of the 16 EPA-priority pollutant PAHs. Second, differences between BEN and non-BEN villages in levels of both PAHs and 16 unknown DOCs were evaluated. Only a few differences were found, of which, none were judged to be significant. Thus, the Pliocene lignite hypothesis is not supported by our results because we could find no evidence for the presence of either PAHs or other coal-derived organic contaminants in drinking water supplies in this endemic region.
We believe that there are other complications in the original argument as it extends to identification of PAHs as likely causative agents (Feder et al., 1991) . While younger coals do typically contain chemical structures that are more closely related to those found in plants, and may contain greater amounts of soluble organic material, PAHs are diagenetically formed. As coal rank increases, the amount of aromatic compounds present in coal appears to increase (Davidson, 1980) . Lignite coal ranges from 60 to 70% in aromaticity while anthracite coal is typically greater than 93% (Nelson, 1989) . Davidson (1980) reports that lignite and bituminous coals predominately produce benzene-derived compounds while anthracites predominately produce larger phenanthrenelike compounds. Based upon this, PAHs are more likely to be associated with mature coal formations rather than younger coals, such as lignite. Also to be considered is that PAHs are highly water insoluble, and thus do not leach to any great extent, nor are they particularly mobile in groundwater (Schwarzenbach et al., 2003) .
Another limitation in the argument that PAHs are the likely causative agent for BEN is that there is no medical evidence indicating that these compounds are nephrotoxic, or to suggest that carcinogenic effects resulting from ingestion would be limited to the urothelial tract (ATSDR, 1995) . The primary organs that PAHs affect are actively proliferating cells, such as the intestinal epithelium, bone marrow, lymphoid organs, and testes (Cohn et al., 1999) . We are not aware of any reports indicating that BEN or other similar kidney problems result from exposure to PAHs. While it is possible that PAHs could affect the kidney in some manner yet to be discovered, we find no basis to conclude that the levels observed in this study are either elevated or problematic. Concentrations of PAHs in drinking water supplies have been monitored throughout the world and are generally found to be in the low ng/l range (Kveseth and Sortland, 1982; Shiraishi et al., 1985; Alpendurada, 1991; Manoli and Samara, 1999) with slightly higher concentrations in the low mg/l range, described in some surface waters (Cohn et al., 1999; Manoli and Samara, 1999) .
Although we did not find significant amounts of PAHs, it remains a possibility that other organic compounds that leach from coal could be involved. Our analytical methodology employed a SPE cartridge designed to capture a range of polar and non-polar organic compounds, including phenols (Puig and Barcelo, 1996) , that might be expected in coals (Davidson, 1980) and we have demonstrated its capability in screening for coal leachate compounds (McElmurry and Voice, 2004 ). We did not find any significant differences between BEN and non-BEN villages using this screening procedure, however, we cannot rule out compounds that are either not extracted by this cartridge or are not detected by UV or fluorescence detectors.
Previous investigations on this hypothesis are based on the analysis of a small numbers of water samples using other techniques, and the results are interpreted as providing evidence for the presence of lignite-derived compounds. On review, we disagree with this interpretation. The presence of teardrop-shaped spectra produced from EEM fluorescence spectroscopy, cited by Goldberg et al. (1994) , can be more easily explained as resulting from the presence of dissolved organic matter (DOM) as reported by Baker and LamontBlack (2001) . We suggest that DOM could easily originate from surface sources such as decaying plant material or manure in the shallow water supplies of these highly agrarian villages. We recently showed very high nitrate levels in BEN villages in Bulgaria, and noted that this is known to commonly result from surface contamination of shallow water supplies (Niagolova et al., 2005) . The data produced by the methylene chloride extraction and GC/MS analysis of water samples reported in Orem et al. (2002 Orem et al. ( , 2004 can be similarly explained. Humic and fulvic acids contain the same types of functional groups as coal, and the presence of humic materials is expected in shallow water supplies. The liquidliquid extraction procedure used by Orem et al. (2002 Orem et al. ( , 2004 does not discriminate against the coextraction of humic and fulvic acids, as does the method employed in this study, solid phase extraction (Pichon et al., 1996) . Furthermore, the chromatographic resolution shown for these water samples was poor, rendering library identification of specific compounds problematic (Budde, 2001) . It has been suggested that matching spectra from a transferable reference database (EI spectra) is less reliable than matching the retention time of a known standard (Milman, 2005) and that matching factors ''are not to be used in a quantitative way'' (Stein, 1994) .
Finally, we conclude that even the evidence offered in support of the original hypothesis is somewhat ambiguous. The correlation drawn between known Pliocene-age coal deposits and BEN villages is interesting, but not conclusive. It has been acknowledged by the authors of the Pliocene lignite hypothesis that the proximity to Pliocene lignite deposits, in and of itself, does not sufficiently explain the geographic pattern associated with BEN, and they note several large Pliocene lignite deposits in Slovenia and in Croatia that are not associated with endemic villages (Feder et al., 1991) . They also point out there are many lowrank Pliocene coal deposits in Turkey, Greece, Italy, and Burma and BEN-like diseases have not been reported from these areas. In the course of this investigation, we traveled extensively throughout the Vratza and Montana endemic regions, and did not find either visual or anecdotal evidence of lignite deposits. Yet, BEN has been prevalent in these areas. These observations, combined with the lack of a biological rationale for suspecting PAHs or other coalderived compounds, make it difficult to conclude the spatial correlation is anything more than fortuitous.
On the basis of this study, and our review of previous work, we conclude that evidence in support of the Pliocene lignite hypothesis is limited to the spatial association first reported. Given the unexplained aspects of the spatial correlation (e.g., endemic villages with no apparent association with lignite deposits) we suggest such evidence is speculative and the hypothesis needs further development. There is a compelling need to narrow the foci of BEN research efforts to those hypotheses with the strongest theoretical bases and evidentiary cases. In order to effectively proceed, we suggest that future BEN research should focus on testable hypotheses with strong supporting medical evidence.
